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Abstract
Although the theory of cataclysmic variable (CV) evolution is able to explain
several observational aspects, strong discrepancies have existed for decades
between observations and theoretical predictions of the orbital period distri-
bution, the location of the minimum period, and the space density of CVs.
Moreover, it has been shown in the last decade that the average white dwarf
(WD) mass observed in CVs is significantly higher than the average mass
in single WDs or in detached progenitors of CVs, and that there is an ab-
sence of helium-core WDs in CVs which is not observed in their immediate
detached progenitors. This highly motivated us to revise the theory of CV
formation and evolution. A new empirical model for angular momentum loss
in CVs was developed in order to explain the high average WD mass ob-
served and the absence of systems with helium-core WDs. This model seems
to help, at the same time, with all of the above mentioned disagreements
between theory and observations. Moreover, it also provides us with a very
likely explanation for the existence of low-mass WDs without a companion.
Here we will review the standard model for CV evolution and the disagree-
ments that have existed for decades between simulations and observations
with their possible solutions and/or improvements. We will also summarize
the recently confirmed disagreement related to the average WD mass and
the fraction of helium-core WDs among CVs, as well as the development of
an empirical model that allows us to solve all the disagreements, discussing
the physics that could be involved.
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1. Introduction
Cataclysmic variables (CVs) are semi-detached short period binaries in
which a white dwarf (WD) primary stably accretes mass from a low-mass
companion, hereafter the donor or secondary star (see Warner, 1995, for
a comprehensive review). The donor is typically an unevolved low-mass
main-sequence (MS) star, although systems at orbital periods below ∼ 1 h
or above ∼ 5 − 6 h can have a degenerate companion or a slightly evolved
donor, respectively (e.g., Goliasch & Nelson, 2015; Kalomeni et al., 2016).
One of the most striking observational properties of the population of
CVs is the statistically significant deficit of systems in the orbital period
range of 2 − 3 h, known as the “orbital period gap”. In order to explain
this observational feature, the “disrupted magnetic braking” model for an-
gular momentum loss in CVs was proposed by Rappaport et al. (1983) and
Spruit & Ritter (1983). This model assumes that CVs lose angular momen-
tum as a result of two mechanisms: gravitational radiation (Paczynski & Sienkiewicz,
1981) and wind magnetic braking (Verbunt & Zwaan, 1981). The latter is
much stronger than gravitational radiation when the donor still has a ra-
diative core, but it would become inefficient when the donor becomes fully
convective, due to a sharp decline in the magnetic dynamo. This is expected
to occur in MS stars with ∼ 0.3M⊙, which corresponds to an orbital period
of Porb ∼ 3 h for a Roche Lobe filling MS star with a WD primary. An
alternative explanation for the strong decline in the efficiency of magnetic
braking close to the upper edge of the period gap was recently explored by
Garraffo et al. (2018), motivated by X-ray observational evidence that sug-
gests that there is no change in the surface magnetic activity near the fully
convective boundary for MS stars, which is needed to cause a change in the
dynamo generation rate of magnetic flux. The authors were able to explain
the gap based only on the complexity of the surface magnetic field of the
donor star. However, although the origin of the reduction in the efficiency
of magnetic braking suggest by Garraffo et al. (2018) is different than the
dynamo explanation given by Rappaport et al. (1983) and Spruit & Ritter
(1983), the effects in the rate of angular momentum loss is similar, and the
disrupted magnetic braking model is still valid. The strong reduction in the
efficiency of magnetic braking would cause a sharp reduction in the mass
transfer rate allowing the donor, which was previously slightly extended as a
result of mass transfer, to relax towards its equilibrium radius, temporarily
ceasing mass transfer until it fills its Roche lobe again at Porb ∼ 2 h. The
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system will continue to evolve towards shorter orbital periods through the
loss of angular momentum by gravitational radiation only, until the donor
becomes degenerate at Porb ∼ 60 − 80min. The response of the degener-
ated donor to the loss of mass, i.e. expansion, will cause CVs to evolve back
towards larger orbital periods, which predicts the existence of a minimum or-
bital period (Rappaport et al., 1982; Paczynski & Sienkiewicz, 1983). CVs
at shorter periods (e.g., AM CVns) are thought to contain helium-rich de-
generate donors instead of MS donor stars, whose mass-radius relation allows
them to reach periods as short as ∼ 5−6min (see e.g., Kalomeni et al., 2016,
and references therein).
A still open question related to the evolution of CVs is whether the mass
of the WD can grow as a consequence of mass transfer. According to stan-
dard theories for nova outbursts, the mass that is ejected during an erup-
tion is similar to the mass accreted between them, implying that the mass
of the WD remains nearly constant during the CV phase (Prialnik, 1986;
Prialnik & Kovetz, 1995; Yaron et al., 2005). Only the more massive WDs
accreting at very high rates are expected to grow in mass (e.g. Hillman et al.,
2015). Observationally, McAllister et al. (2019) found no evidence of mass
growth in CV WDs, by comparing the average WD mass in CVs above and
below the period gap, but they also mentioned that more systems with precise
WD masses above the gap are needed to derive a definitive answer.
The disrupted magnetic braking model became the standard model of CV
evolution for almost three decades and is supported by observational evidence
coming from CVs (Townsley & Bildsten, 2003; Knigge, 2006; Townsley & Ga¨nsicke,
2009), as well as from their detached progenitors (Schreiber et al., 2010), and
even from single stars (Bouvier, 2007; Reiners & Basri, 2008). However, there
are also several disagreements between the observations and the theoretical
predictions perceived since the first binary population models of CVs (e.g.,
de Kool, 1992; Kolb, 1993; Politano, 1996), which have persisted in binary
population studies conducted in the subsequent decades (e.g., Howell et al.,
2001; Goliasch & Nelson, 2015).
Here we will review the main disagreements between the theoretical pre-
dictions (based on this model) and the observations of CVs, as well as the
latest advances in the theory of CV evolution developed in recent years.
Section 2 summarizes the main disagreements that have existed for decades,
and their possible solutions and/or improvements. In Section 3, we present a
new disagreement evidenced in the last decade, which probably became the
most important problem in the theory of CV evolution, known as the “WD
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mass problem”. Section 4 explains a new evolutionary model for CVs, which
was empirically derived in order to solve the WD mass problem. Indepen-
dent tests for this model are presented in Section 5 while Section 6 discusses
a possible physical explanation behind this new approach. A summary is
presented in Section 7.
2. Theoretical predictions versus observations
Standard CV population models predict that ∼ 90 − 99 per cent of the
systems should be below the orbital period gap and that ∼ 40 − 70 per
cent should have brown dwarf donors (known as “period bouncers”) with
a strong accumulation of systems around the orbital period minimum (e.g.
Kolb, 1993; Howell et al., 2001; Goliasch & Nelson, 2015). This is a natural
consequence of the abrupt decrease in the rate of mass transfer when the
secondary star becomes fully convective and magnetic braking stops (or at
least becomes inefficient) at the upper edge of the gap, predicted by the
disrupted magnetic braking model. Mass transfer rates below the gap are
1−2 orders of magnitude lower than above, and decrease progressively as the
donor loses mass. This implies that the systems must spend most of their
lives below the gap and especially around the minimum orbital period, where
mass transfer proceeds at a very low rate.
Observationally, the number of CVs above and below the gap was roughly
the same for decades (Ritter & Kolb, 2003), and the predicted accumulation
of systems towards the shortest periods, as well as the high fraction of period
bouncers, were also not detected (e.g. Patterson, 1998; Knigge, 2006). This
has been attributed to observational biases, because systems below the gap
would be much fainter, especially at the shorter orbital periods. Indeed, this
bias was partially overcome in the last decade when a deep survey of CVs from
the Sloan Digital Sky Survey (SDSS) spectroscopic database (Szkody et al.,
2002, 2003, 2004, 2006, 2007, 2009, 2011) allowed the identification of faint
CVs previously undetected. This survey revealed a much larger fraction
of CVs with short periods compared with any previous CV sample and an
accumulation of systems close to the shortest periods (Ga¨nsicke et al., 2009).
In addition, McAllister et al. (2019) recently estimated donor star masses for
a sample of 225 CVs showing superhump phenomena (Papaloizou & Pringle,
1979) and found that 30 per cent are likely to be period bouncers with brown
dwarf donors. However, Pala et al. (2019) found a fraction of only 5 per cent
of period bouncers in a volume limited sample of CVs. Although the fraction
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of observed systems below the gap did not yet reached the numbers predicted
by models, at least a larger fraction of systems is now being detected below
than above the gap, and it seems that the previously missing spike at the
orbital period minimum is finally being detected.
The location of the orbital period minimum has been another discrepancy
between models and observations. Theoretical simulations where gravita-
tional radiation is assumed to be the only angular momentum loss mech-
anism for fully convective donor stars predict a minimum orbital period
of ∼ 65 − 70min (Kolb, 1993; Kolb & Baraffe, 1999; Howell et al., 2001;
Goliasch & Nelson, 2015; Kalomeni et al., 2016), while the observed value is
∼ 76 − 82min (Knigge, 2006; Knigge et al., 2011; McAllister et al., 2019).
However, the simulated location of the orbital period minimum could be
shifted towards larger periods if an additional source of angular momentum
loss, apart from gravitational radiation, is present below the gap (Kolb & Baraffe,
1999; Knigge et al., 2011). Observationally, the measured radii of donors in
CVs (Patterson, 1998; Knigge et al., 2011) as well as recent measurements
of accurate effective temperature of WDs in CVs (Pala et al., 2017) seem
to support the idea that angular momentum loss below the gap is stronger
than that caused by gravitational radiation alone. Recently, McAllister et al.
(2019) found that the observed donor properties of CVs are consistent with
the standard disrupted magnetic braking model for systems immediately be-
low the period gap, but an additional source of angular momentum loss is
needed at shorter orbital periods. However, the origin of this extra angular
momentum loss is still not clear, as we will discuss in more detail in the
Section 6.
Finally, the predicted space density of CVs derived from simulations
that assume the standard CV evolutionary model (e.g. Ritter & Burkert,
1986; de Kool, 1992; Kolb, 1993) exceeds those derived from observations by
1− 2 orders of magnitude (e.g. Patterson, 1998; Schreiber & Ga¨nsicke, 2003;
Pretorius & Knigge, 2012; Britt et al., 2015; Pala et al., 2019).
3. The WD mass problem
While the recent observational advances that allow the identification of
faint CVs helped to solve, or at least improve, the main disagreements be-
tween models and observations of CVs that existed for decades, they also
revealed a new problem which probably became the most serious one during
the last decade.
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The progenitors of CVs, i.e. close but detached white dwarf plus main
sequence (WD + MS) binaries, are assumed to descend from relatively wide
MS + MS binaries, in which the more massive star becomes a giant and
fills its Roche-lobe starting to transfer mass to its MS companion. Mass
transfer under this conditions is dynamically unstable and the transferred
mass forms a common envelope that surrounds both the core of the primary
(the future WD) and the secondary, whose separation is dramatically reduced
in a spiraling-in process due to drag forces within the envelope. Angular
momentum and orbital energy are transferred from the binary orbit to the
envelope which is finally expelled leaving behind a close WD + MS binary
(Paczynski, 1976). The reduction of the orbital separation, and therefore
the probability of the system to avoid a merge during this stage, depends
on the efficiency at which the energy extracted from the orbit is used to
eject the envelope, which is known as the common-envelope efficiency (e.g.,
Zorotovic et al., 2010).
As a consequence of this evolution, the average WD mass in CVs and
in their detached WD + MS progenitors should be smaller than the mean
WD mass of single stars (i.e. ∼ 0.6M⊙), because the presence of the low-
mass companion helps to eject the envelope of the giant primary prematurely,
terminating the mass growth of its core. There must also be a considerable
fraction of systems with low-mass helium-core WDs (MWD <∼ 0.5M⊙) descend-
ing from systems in which the primary filled its Roche lobe on the first gi-
ant branch, which are not expected to exist among single WDs descending
from single stars, because their evolutionary timescale exceeds the age of the
Galaxy. Indeed, early binary population models of CVs and their progenitors
predict a mean WD mass of ∼ 0.5M⊙, well below the mean WD mass of sin-
gle stars, and a large fraction of systems with helium-core WDs that can make
up to ∼ 50% depending on assumptions like the initial-mass-ratio distribu-
tions and the common-envelope efficiency (de Kool, 1992; de Kool & Ritter,
1993; Kolb, 1993; King et al., 1994; Politano, 1996; Howell et al., 2001).
Observations of the direct progenitors of CVs, i.e. detached post-common-
envelope WD + MS binaries, are consistent with these predictions. The av-
erage WD mass is similar but smaller than in single WDs and approximately
one third of the systems have a low-mass WD primary (e.g. Zorotovic et al.,
2011a,b), which is consistent with simulations that assume a small common-
envelope efficiency (e.g., Zorotovic et al., 2014).
The picture is completely different for CVs. Since the first measure-
ments, the observed WD masses have been significantly higher than pre-
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dicted, with most of them in the range of 0.8 − 1.2M⊙ (e.g., Warner, 1973,
1976; Ritter, 1976; Robinson, 1976), which has been interpreted as a selection
effect. Basically, old CV samples are dominated by bright systems, discov-
ered because of the accretion generated luminosity. CVs with larger WD
masses release more energy per accreted unit mass and have more extended
accretion disks around the WD, being on average significantly brighter and
easier to be discovered. Therefore, magnitude-limited CV samples are biased
against low-mass WDs, but the effect should nearly disappear for fainter
CVs (Ritter & Burkert, 1986). However, as we already mentioned, a deep
survey with faint CVs from the SDSS is now available (Ga¨nsicke et al., 2009)
and the observed WD masses are still too high (e.g., Littlefair et al., 2008;
Savoury et al., 2011; Zorotovic et al., 2011a). The old explanation of an ob-
servational bias is no longer valid for these systems, because the optical emis-
sion in faint CVs is dominated by the luminosity of the WD instead of the
accretion disk. The probability of identifying CVs within SDSS has been cal-
culated in Zorotovic et al. (2011a) for systems dominated by the luminosity
of the WD, taking into account the WD effective temperature, WD radius,
absolute i-band magnitude, minimum and maximum distance at which SDSS
will have obtained follow-up spectroscopy and effective survey volume. The
conclusion is that SDSS CVs should be biased against systems with high-
mass WDs, mainly due to the WD mass-radius relation, and that low-mass
helium-core WDs, if they exist, should be more easily detected. Combining
the systems identified within SDSS with previously known CVs, the observed
average mass of the WD is 0.82M⊙ for the whole sample and 0.83M⊙ for a
sub-sample of CVs with the more confident WD mass estimations (mostly
eclipsing systems). This value is consistent with the average WD mass de-
rived in the most recent surveys (McAllister et al., 2019; Pala et al., 2019).
CVs with confirmed helium-core WDs are still absent, even in surveys that
favor their detection. These results challenged the standard theory for CV
evolution, which had been used for decades for their simulation. The ob-
served disagreements could not be due to our poor understanding of the
common envelope phase, because the average WD mass and the fraction of
helium-core WDs in detached post-common-envelope binaries are consistent
with the theoretical predictions. So there must be something that we were
not understanding in the evolution of CVs, which should happen after the
common-envelope phase, causing systems with low-mass WDs to disappear
from CV samples, either because the WD mass grows or because the systems
merge. Any of the above meant that the standard evolutionary model of CVs
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had missing ingredients (see Zorotovic et al., 2011a, for a detailed discussion
of the WD mass problem).
Mass growth of the WD during the CV phase or in a preceding short
phase of thermal time-scale mass transfer for many CVs was investigated in
detail in Wijnen et al. (2015), concluding that both options can be ruled out
as the main cause for the WD mass problem (see also Liu & Li, 2016). By
plotting the predicted CV population in a mass ratio (q = Msec/MWD) versus
secondary mass (Msec) diagram it became evident that mass growth was not
the solution (Schreiber et al., 2016). Models predicted too many CVs with
low-mass WDs and very low-mass secondary stars. Even if one assumes that
ALL the mass of the donor star is used to increase the mass of the WD,
the observed average mass would not be reached and a significant fraction of
helium-core WDs would remain.
4. Consequential angular momentum loss
A critical parameter for population models of CVs is the angular mo-
mentum loss rate, which affects the limit in mass-ratio for stability against
dynamical time-scale mass transfer. The stability limit is derived by equat-
ing the adiabatic mass-radius exponent (ζad) with the mass-radius exponent
of the donors Roche-lobe (ζRL):
ζad =
(
dlnRsec
dlnMsec
)
ad
=
(
dlnRsec
dlnMsec
)
= ζRL. (1)
The latter depends strongly on angular momentum loss.
Fully-conservative models assume conservation of both angular momen-
tum and the total mass of the binary. In this case, only “systemic” angular
momentum loss through magnetic braking and gravitational radiation is con-
sidered, which is independent of mass transfer. The mass-radius exponent of
the donors Roche-lobe in this model is:
ζRL =
2
3
ln(1 + q1/3)− 1
2
q1/3
(1+q1/3)
0.6q2/3 + ln(1 + q1/3)
(1 + q) + 2(q − 1), (2)
where q = Msec/MWD is the mass ratio of the system.
However, CVs experienced nova eruptions in which they lose the mass
that has been previously accreted and which is often ignored but must be
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present in the equation. Mass loss should cause an extra source of angu-
lar momentum loss, which is known as “consequential angular momentum
loss” (CAML) because it is a direct consequence of mass transfer (e.g.,
King & Kolb, 1995). According to Schenker et al. (1998), CAML can be
incorporated as a continuous effect in the angular momentum loss rate:
J˙ = J˙sys + J˙CAML, (3)
where J˙sys is the systemic angular momentum loss (through magnetic braking
and gravitational radiation), present even in the absence of mass transfer, and
J˙CAML is the angular momentum loss caused by nova eruptions, which can
be derived from:
J˙CAML
J
= ν
M˙ sec
Msec
, (4)
where ν might depend on the masses of the two stars. This translates into a
mass-radius exponent for the donors Roche-lobe of:
ζRL =
2
3

 ln(1 + q1/3)− 12 q
1/3
(1+q1/3)
0.6q2/3 + ln(1 + q1/3)

+ 2ν + Msec
(MWD +Msec)
− 2. (5)
The classical non-conservative model for CAML from King & Kolb (1995)
assumes that the ejected mass takes away the specific angular momentum of
the WD, which implies:
ν =
M2sec
MWD(MWD +Msec)
. (6)
Recently, Schreiber et al. (2016) simulated the predicted population of
CVs for both, the fully-conservative model and the model that includes the
classical non-conservative CAML from King & Kolb (1995). The disagree-
ment between predictions and observations was even worse for models that
include the classical form of CAML, which predicts more systems below the
gap (withMsec <∼ 0.35M⊙) and a larger fraction of CVs with helium-core WDs.
This is because the classical form of CAML brings the system closer, but the
effect is compensated by the mass loss of the WD, which significantly reduces
the decrease of Roche lobe of the secondary star increasing the limits in the
mass-ratio for stable mass transfer. It became evident from this simulations
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that the WD mass problem could be solve if there is a source of angular mo-
mentum loss that drives especially CVs with low-mass WDs into dynamically
unstable mass transfer.
The stability limits for mass transfer in CVs where therefore reviewed
in Schreiber et al. (2016), by incorporating an equation for CAML that is
inversely proportional to the WD mass and independent of the mass of the
secondary star, i.e. where the specific angular momentum of the lost matter
increases with decreasing WD mass. This translates into:
ν =
C
MWD
, (7)
where C is a constant that we derived to be C ∼ 0.37 to better fit the
observed WD mass distribution. This is know as the “empirical CAML
model”, because it was empirically derived from the observations.
Figure 1 shows the mass ratio versus secondary star mass (left) and WD
mass (right) for the predicted population of CVs from Zorotovic & Schreiber
(2017). The lines correspond to the limits in mass ratio above which mass
transfer is dynamically unstable according to the three models explained here:
the fully-conservative model (dashed line), the classical non-conservative
model for CAML from King & Kolb (1995, dotted line), and the empirical
CAML model from Schreiber et al. (2016, solid line). Systems that should
merge according to the empirical model are shown in light gray.
5. Testing the new empirical model
The WD mass distribution of CVs can be successfully reproduced by the
model developed by Schreiber et al. (2016). This is not a surprise, since the
model was empirically adjusted for this purpose. However, in this section
we will show how the predictions of this model fit also better with other
observational properties of CVs and even for detached post-common-envelope
WD + MS binaries and single WDs.
5.1. Orbital period distribution
As shown in Schreiber et al. (2016), simulations with the empirical model
for CAML predict a larger fraction of systems above the orbital period gap
compared to the predictions of previous models. Although this new model
still predicts that most systems must be below the gap, which deeper surveys
of CVs revealed to be true, the simulated distribution of orbital periods
produced by this model is in better agreement with the observations.
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Figure 1: Predicted CV population (gray crosses) in the q versus Msec diagram (left) and
q versus MWD diagram (right). The lines represent the critical mass-ratio for the fully-
conservative case (dashed line), the classical non-conservative model for CAML (dotted
line), and the empirical CAML model (solid line). The lighter gray crosses correspond to
systems that merge according to the empirical model from Schreiber et al. (2016). Figure
adapted from Zorotovic & Schreiber (2017) for this review.
5.2. Location of the minimum period
As we mentioned in Section 2, the location of the orbital period minimum
is observed to be at a larger period than predicted by simulations if grav-
itational radiation is assumed to be the only source of angular momentum
loss for systems with low-mass donors. This suggests that there must be
an extra source of angular momentum loss below the gap (Patterson, 1998;
Knigge et al., 2011) and CAML seems to be a good candidate for solving the
problem.
5.3. Space density of CVs
The new stability limit derived from the empirical model could also solve
the space density problem. In Belloni et al. (2018) we performed binary
population synthesis of CVs and concluded that the CV space density pre-
dicted by the empirical model for CAML (Schreiber et al., 2016) is consider-
ably smaller than the value predicted by the classical non-conservative model
(King & Kolb, 1995), because of the larger fraction of systems that merge
instead of becoming CV.
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5.4. Detached CVs in the period gap
A direct test for the disrupted magnetic braking model that allows to
explain the orbital period gap in CVs can be obtained from the observation
of detached WD +MS binaries, as proposed by Davis et al. (2008). Basically,
if CVs stop mass transfer at the upper edge of the gap and become detached,
the deficit of CVs observed in the period range of≃ 2−3 h must be translated
into an increase of detached systems in the same period range.
According to Zorotovic et al. (2016), CVs that became detached systems
and are crossing the period gap without mass transfer should have secondary
stars in the spectral-type range of M4 to M6. Identifying a peak in the
population of observed detached systems with secondaries in this spectral-
type range at the location of the period gap would not only prove that CVs
are crossing the gap without mass transfer, but would also allow to test the
empirical CAML model from Schreiber et al. (2016). The CVs predicted by
this model are on average more massive than older predictions, and therefore
the detached systems in this period range should also have a larger fraction
of massive WDs, if a substantial fraction of them correspond to previous CVs
that became detached.
Indeed, the expected peak at Porb ≃ 2 − 3 h was observed in the pe-
riod distribution of detached WD + MS systems with secondaries in the
spectral-type range of M4 to M6. This peak could not be reproduced with-
out the inclusion of detached CVs in the simulations, which was interpreted
by Zorotovic et al. (2016) as direct evidence for the disrupted magnetic brak-
ing theory.
Based on the distribution of periods only, it was not possible to statisti-
cally favor either of the two models for CAML (classical or empirical), since
both were consistent with the observations given the low number of observed
systems. However, a large fraction of systems with massive WDs was ob-
served in the location of the period gap, which is better reproduced by the
empirical model for CAML proposed by Schreiber et al. (2016).
5.5. Single low-mass WDs
Finally, the empirical model recently derived for the evolution of CVs
has a direct impact on the simulated population of single WDs. This model
predicts a much larger fraction of CV mergers, especially in systems with
low-mass WDs, compared to previous models. This translates into a larger
number of single WDs as a result of the merger process and it is therefore a
potential explanation for the existence of single low-mass (helium-core) WDs.
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Low-mass WDs, with MWD <∼ 0.5M⊙, cannot descend from single stars,
since the Universe is not old enough for their progenitors to evolve. In-
deed, there is an estimated fraction of observed low-mass WDs of ∼ 10 per
cent in the solar neighborhood (Kepler et al., 2007) and the vast majority of
them belong to a close binary system (Marsh et al., 1995; Brown et al., 2010;
Rebassa-Mansergas et al., 2011). However, <∼ 20−30 per cent of the low-mass
WDs seem to be single (Brown et al., 2011), which translates into <∼ 2−3 per
cent of single low-mass WDs among the whole population of observed WDs.
Several explanations have been proposed to explain the existence of single
low-mass WDs: merger events either during common-envelope evolution or
of two very low-mass WDs (Nelemans, 2010; Brown et al., 2011); sub-stellar
companions that help to eject the envelope and get evaporated or suffer a
merge (Nelemans & Tauris, 1998); strong mass loss in metal-rich stars close
to the tip of the first giant branch (Kilic et al., 2007; Brown et al., 2011;
Han et al., 1994; Meng et al., 2008); remnants of the companion stars in
type Ia Supernovae (Justham et al., 2009; Wang & Han, 2009). However,
none of this channels has been able to convincingly reproduce the observed
fraction so far (see Zorotovic & Schreiber, 2017, for a review).
In Zorotovic & Schreiber (2017), we simulated the population of single
WDs, taking into account systems that evolve from single stars and from
different merger channels in binary stars, including (for the first time) CV
mergers predicted by the empirical model for CAML. The predicted rela-
tive number of low-mass WDs among single WDs was consistent with ob-
servations, with merging CVs being the dominant channel leading to their
formation.
6. Origin of extra angular momentum loss
As we have reviewed in Sections 4 and 5, the empirical model for CAML
derived by Schreiber et al. (2016) to solve the WD mass problem in CVs
can solve at the same time several disagreements between observations and
simulations of CVs that have existed for decades, and it has also been suc-
cessfully tested with observations of detached WD + MS systems and even
single WDs.
However, the model is still purely empirical, and the physical origin of
the dependence of CAML on the WD mass must be understood in order to
progress in our understanding of CV evolution.
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Different mechanisms for CAML proposed in the literature were recently
reviewed by Shao & Li (2012), including the formation of a circumbinary disk
that can drain orbital angular momentum from the system (van den Heuvel,
1994; Taam & Spruit, 2001), an isotropic wind from theWD surface (King & Kolb,
1995), and outflows of mass through the inner or outer Lagrangian points
(Vanbeveren et al., 1998). They concluded that a wind from the WD surface
or the loss of mass through the inner Lagrangian point cannot account for
the extra angular momentum loss derived from observations of CVs below
the period gap (Knigge et al., 2011). A circumbinary disk or outflows from
an outer Lagrangian point are able to account for it if a considerable fraction
of the mass transferred from the donor to the WD leaves the system.
A promising candidate for CAML that increases with decreasing WD
mass is angular momentum loss due to friction between the secondary star
and the expanding nova shell in a nova eruption (Schenker et al., 1998;
Schreiber et al., 2016; Nelemans et al., 2016). The specific angular momen-
tum that can be extracted by friction depends strongly, and inversely, on the
expansion velocity of the ejecta at the location of the donor, and it can be
very high for slow ejections (Schenker et al., 1998). On the other hand, the
maximum velocity of the ejecta is much larger for massive WDs (Yaron et al.,
2005). This would imply that, during a nova eruption, the systems with less
massive WDs eject the material at smaller velocities, experiencing more angu-
lar momentum loss by friction than systems with massive WDs, which makes
it harder for them to remain within the regime of stable mass transfer. In
other words, CVs with low-mass WDs could form, but they would quickly
become unstable, probably even after the first nova eruption. According to
recent simulations from Liu & Li (2019), in order to account for the extra
angular momentum loss (apart from gravitational radiation) for systems be-
low the orbital period gap, the velocities of expansion of the material ejected
in a nova outburst should be extremely low, resembling a common-envelope
phase. Indeed, Nelemans et al. (2016) found that an ejection similar to a
common envelope might significantly affect the stability of mass transfer,
particularly for systems with low-mass WDs. In another approach, Liu & Li
(2016) calculated that if ∼ 20 − 30 per cent of the matter ejected during a
nova eruption remains in the system forming a circumbinary disk, CVs with
low-mass WDs would be more likely to become dynamically unstable.
As can be seen, several studies have tried to understand the possible forms
of CAML that affect CV evolution in recent years and, although progress has
been made, it remains an open field for research.
14
7. Summary
We have summarized the main disagreements between the theory and
the observations of CVs that have existed for decades, and their possible
solutions. In addition, we have shown how a deeper survey of CVs has
revealed a new problem during the last decade, related to the mass of the
WD and the absence of low-mass helium-core WDs.
We explained the basics of a new model for the evolution of CVs proposed
by Schreiber et al. (2016) which assumes enhanced consequential angular mo-
mentum loss for systems with low-mass WDs. This model does not only solve
the WD mass problem, for which it was empirically adjusted, but also fits
better with the observations of the orbital period distribution, the location of
the minimum period, and the space density of CVs. In addition, this model
is in better agreement with observation of detached systems in the period
range of ≃ 2 − 3 h, where detached CVs should be found according to the
disrupted magnetic braking model, and provides a new channel for the for-
mation of single low-mass WDs, which might be the dominant channel for
their existence, bringing into agreement the simulated and observed fractions
of low-mass WDs among single WDs.
The new empirical model for CVs evolution still lacks a physical formula-
tion for the origin of the dependence of angular momentum loss on the WD
mass that is needed to reproduce the observations. However, progress has
been made in this area in recent years, and promising candidates for angular
momentum loss that increases with decreasing WD mass are friction during
nova eruptions, possibly resembling a common envelope phase, or the for-
mation of a circumbinary disk from material that does not leave the system
after the eruption.
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